Neuroblastoma (NB) is a childhood cancer that arises in the adrenal gland and often shows differentiated neuronal and glial elements. The RET receptor signal pathway is functional in most NB, while loss of nerve growth factor (NGF) receptor (trkA) gene expression correlates with an aggressive phenotype. Thus, we hypothesized that the RET and TRKA signal pathways collaborate to instruct NB differentiation, reminiscent of normal neuronal maturation. Here, we demonstrate that activation of the RET receptor by glial cell line-derived neurotrophic factor (GDNF) increases expression of the RET receptor complex in a panel of malignant human NB cell lines, indicative of a positive feedback mechanism. GDNF also induces growth cessation concomitant with an arrest of cells in the G 0 /G 1 phase of the cell cycle. Furthermore, GDNF synergizes with ciliary neurotrophic factor (CNTF) to enhance TRKA receptor expression, thereby strengthening the NGF-mediated differentiation signal. Differentiated NB cells downregulate expression of the amplified N-myc gene, concurrent with the arrest of cell proliferation, while expressing neuron-specific markers (i.e., SCG10). Interestingly, maintenance of differentiated NB cells in culture is independent of the trophic activity of GDNF, but depends on TRKA signaling, thereby reenacting the differentiation of normal sympathoadrenal (SA) progenitor cells.
Introduction
Neuroblastoma (NB) is a neural crest-derived childhood tumor that predominantly arises in the adrenal gland (Seeger and Reynolds, 1993) . These tumors are generally very heterogeneneous with neuronal and glial components, yet highly metastatic tumors exhibit an undifferentiated morphology with a high mitotic index (Shimada et al., 1984) . The N-myc gene, a close relative of the cell cycle regulating c-myc gene, is amplified in a subset of aggressive NB tumors and amplification correlates with poor prognosis (Brodeur, 2003) . Interestingly, spontaneous tumor regression occurs in some NB, despite high N-MYC expression and widespread metastasis (Westermann and Schwab, 2002) , suggesting the preservation of functional differentiation promoting signal pathways in these malignancies. Identification of these signaling pathways may lead to new treatment modalities for patients with malignant NB.
The development of the nervous system is guided by the interactions of trophic signals with cell surface receptors, thereby controlling cell determination and cell fate (Anderson et al., 1997) . These receptor-ligand interactions activate complex intracellular pathways, which may regulate cell proliferation, cell differentiation and/or cell death. Many trophic factors, including neurotrophins (NTs) and the GDNF (glial cell linederived neurotrophic factor) family ligands (GFLs) have been identified and their role(s) in the development of the central (CNS) and the peripheral (PNS) nervous systems has been demonstrated. The family of NTs includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3) and NT4/5. These NTs interact with two classes of membrane bound receptors, namely the common NT receptor p75NTR, a member of the tumor necrosis factor (TNF) receptor gene family that is expressed in neuronal and non-neuronal tissues (Dechant and Barde, 2002; Hempstead, 2002; Roux and Barker, 2002) , and members of the TRK gene family, which are expressed in the developing and mature nervous system (Huang and Reichardt, 2001 ; Lee et al., 2001) . The functions of p75NTR include, but are not limited to, induction of apoptosis or survival, regulation of axon myelination and axon regeneration (Barrett, 2000; Beattie et al., 2002; Cosgaya et al., 2002; Dechant and Barde, 2002; Wang et al., 2002) . The role of p75NTR in NB is unclear, yet the receptor can complex with TRKA to strengthen the NGF signal, which may contribute to NB differentiation.
The biological consequences of TRK receptor activation range from cell proliferation to cell differentiation and maintenance of the differentiated state, depending on the target cell analysed (Bothwell, 1995) . Interestingly, trkA gene expression is lost in highly malignant NB tumors and directly correlates with poor patient prognosis, implicating this differentiation pathway in NB progression (Nakagawara et al., 1993; Miyake et al., 1994; Brodeur, 2003) . However, activation of a genetically reconstituted TRKA receptor by NGF resulted in terminally differentiated HTLA230 NB cells, demonstrating that a functional TRKA/NGF signal pathway may override the genetic consequences of N-myc gene amplification (Matsushima and Bogenmann, 1993a) . Ciliary neurotrophic factor (CNTF), a trophic factor that promotes cell survival and/or differentiation in a variety of neuronal cells including sensory, sympathetic and motor neurons (Sleeman et al., 2000) activates transcription of the silenced trkA gene in HTLA230 cells, yet only a fraction of tumor cells differentiate in the presence of NGF, suggesting the requirement for additional trophic signals to further NB differentiation. (Bogenmann et al., 1998) GDNF, neurturin (NTN), artemin and persephin belong to the GFL family, a distant relative of the transforming growth factor b (TGFb) gene family (Airaksinen and Saarma, 2002) . GFLs promote survival and differentiation of various neurons through activation of the membrane tyrosine kinase receptor, RET (Takahashi, 2001; Airaksinen and Saarma, 2002) . Germline mutations that generate an activated form of RET can be oncogenic in derivatives of neural crest cells leading to thyroid carcinoma and pheochromocytoma among others (Takahashi, 2001) , whereas inactivating mutations lead to Hischsprung's disease (Manie et al., 2001) . Mice that lack functional RET are embryonic lethal with loss of sympathetic and enteric neurons as well as a complete absence of kidney formation Pichel et al., 1996) . RET receptor activation only occurs after complexing of a GFL with a GDNFfamily receptor-a (GFRa) receptor bound to the plasma membrane by glycosyl-phosphatidylinositol (GPI linked) (Treanor et al., 1996) . Four different GFRa receptors (GFRa1-4) have been identified that determine the specificity of GFL binding to the RET receptor, although crosstalk of GFLs and the different GFRa receptors has been reported (Creedon et al., 1997) .
Ret gene expression is present in most NB tumors and GDNF induces neuronal differentiation in low-grade, but not high-grade NB cells (Nakamura et al., 1994; Hishiki et al., 1998) . Interestingly, increased ret expression occurs prior to neurite out growth in NB cells induced to differentiate with retinoic acid (Bunone et al., 1995) , and ret expression steadily increases upon differentiation of NB cells by NGF/TRKA signaling, suggesting that the RET signal pathway is associated with the process of NB differentiation (Matsushima and Bogenmann, 1993a) . Based on these data we hypothesized that functional collaboration of RET and TRKA signal pathways is required for differentiation of malignant NB cells.
Here we demonstrate that GDNF-mediated RET activation arrests NB cells in the G 0 /G 1 phase of the cell cycle and enhances CNTF-induced TRKA expression. Collaboration of GDNF with CNTF and NGF downregulates expression of N-MYC in various malignant NB cell lines and induces neuronal differentiation. Thus, trophic factors regulating normal neuronal maturation can be used to promote NB differentiation, thereby overcoming the malignant phenotype.
Material and methods

Cell culture
HTLA230 cells were isolated from a patient with metastatic stage IV NB tumor. These cells exhibit high levels of N-myc gene amplification and show growth in athymic nude mice (Matsushima and Bogenmann, 1992a; Bogenmann, 1996) . GOTO cells were a gift from Matsushima (Jikei University, Japan). Lan-1 and Lan-6 were obtained from Dr Seeger (Childrens Hospital Los Angeles, Los Angeles, USA). SK-N-BE(2) were obtained from Dr Biedler (Biedler and Spengler, 1976 ) and IMR32 were purchased from American Type Culture Collection (Rockville, MD, USA). Cells were grown in Dulbecco's modified eagle's medium (DMEM) (Irvine Scientific, Irvine, CA, USA) supplemented with 10% fetal bovine serum, glutamine and penicillin/streptomycin (GIBCO/BRL, Grand Island, NY, USA). Although data presented here were obtained with cells grown in medium supplemented with 10% FBS, experiments performed in 1% FBS or serum-free medium yielded similar results. Recombinant human NGF was a gift from Genentech, (South San Francisco, CA, USA) and CNTF was purchased from Promega (Madison, WI, USA). GDNF was obtained from R&D Systems (Minneapolis, MN, USA), whereas NTN and ActD were obtained from PeproTech Inc. (Rocky Hill, NJ, USA) and Sigma (St Louis, MO, USA), respectively.
Cell cycle analysis
HTLA230 cells were grown for 4 days in the presence or absence of GDNF (10 ng/ml), trypsinized, washed with PBS and fixed in 70% ethanol overnight at 41C. Cells were washed, treated with RNAse A (40 mg/ml) for 30 min at 371C and stained with propidium iodide (PI) (40 mg/ml). Cells were analysed on a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA), and cell cycle distribution was determined using ModFit LT software (Verity Software House, Topsham, ME, USA).
Western blotting and immunoprecipitation (IP)
Cells were prepared for Western blot analysis and IP as previously described (Torres and Bogenmann, 1996) . Briefly, cell extracts (25 mg/lane for Western blots) were resolved on polyacrylamide gels (Invitrogen, San Diego, CA, USA), transferred to nitrocellulose membrane (Schleicher and Schuell, Keene, NH, USA) and incubated with appropriate antibodies. The following antibodies were employed in this study, i.e. anti-TRK (C-14), anti-N-MYC (C-19), anti-PCNA (PC10), anti-RET (C-19), and they were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The antiphosphotyrosine (PY) was obtained from Upstate Biotechnology Inc. (Lake Placid, NY, USA) and the anti-p75NTR was obtained from Promega. The anti-btubulin antibody was obtained from Sigma. Antibodies were employed according to the manufacturer's instructions and antibody complexes were visualized via an enhanced ECL system (Amersham Co., Arlington Heights, IL, USA), using horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit antibodies (Kirkegaard and Perry, Inc., Gaithersburg, MD, USA) as described previously. Blots were stripped according to instructions provided by the manufacturer.
Northern blot analysis
Cells were incubated in complete medium for the indicated time, washed twice with PBS, and total cellular RNA was harvested and processed for Northern blotting as previously described (Matsushima and Bogenmann, 1992a) . RNA samples (20 mg/lane) were hybridized with the following DNA probes: a 0.5 kb Xba1-BamH1 fragment of the pmp34.1 N-myc clone, a 1.8 kb fragment of the pka-1 clone (human aÀtubulin), a 1.9 kb fragment of the scg10 gene, the human ret protooncogene as described in Matsushima and Bogenmann (1993a) . Each probe was radiolabeled to a specific activity of greater than 10 9 c.p.m./mg of DNA, using an oligonucleotide labeling cocktail (Pharmacia LKB Biotechnology, Uppsala, Sweden).
FACS analysis
HTLA230 cells were cultured for 4 days in the presence or absence of GDNF (10 ng/ml), harvested using 5 mm EDTA in PBS and incubated with blocking solution (5% BSA, 1% goat serum in PBS) for 30 min. All incubations were done on ice. Cells were then stained for 1 h either with the secondary antibody (fluorescein isothiocyanate-(FITC)-conjugated affinity-purified goat anti-mouse antibody, ICN Biomedicals, Aurora, OH, USA, dilution of 1 : 50 in blocking solution) alone, or stained with the primary antibody (anti-human GFRa1, Transduction Labs, Lexington, KY, USA) at a dilution of 1 : 100 in blocking solution. Fluorescence intensity was determined by FACS analysis.
Data analysis
Western and Northern blots were quantitated using Labworks software (UVP, Upland, CA, USA) and data was standardized based on housekeeping gene expression levels (b-tubulin for Western blots, b-actin or a-tubulin for Northern blots). Relative expression levels obtained from different experiments are presented as the mean7s.d. around the mean. Student's t test (two sided, unpaired, homoscedastic) was used to evaluate statistical significance, and P-values are presented either in the text or the figures.
Results
Functional activation of the RET receptor by GFLs
The biological effects of GDNF on HTLA230 cells that express low levels of the ret gene were investigated (Matsushima and Bogenmann, 1993a) . Cells were grown for 2 days in either medium alone (Figure 1a ) or medium supplemented with 10 ng/ml of GDNF (Figure 1b ) and cultures were analysed microscopically. HTLA230 cells grown in control medium generally form big multicellular clusters of cells with large areas of space between such islands of growing cells. The cells are rather round with some exhibiting a more spread morphology (Matsushima and Bogenmann, 1992b) . Cells treated with GDNF showed very subtle morphological changes. However, following GDNF treatment, cultures of HTLA230 cells lacked large multicellular clusters with cells evenly covering the entire Petri dish in a single cell layer. Interestingly, GDNF seemed to markedly reduce cell proliferation and hence, we investigated the effect of GDNF on cell cycle progression. Cells were grown for 4 days in the presence or absence of GDNF, stained with PI and cell cycle distribution was determined by FACS analysis (Figure 1c ). Cells grown in control medium demonstrated the DNA profile of a fast growing cell population with 4878% of the cells in the G 0 /G 1 phase and 3878% of the cells in the S phase of the cell cycle. In contrast, GDNF treatment increased the number of cells in the G 0 /G 1 phase to 7271% (Po0.02), while decreasing the number of cells in the S phase to 1470.5% (Po0.02). The number of cells in the G 2 /M phase was similar (1370.5%) in control and GDNFtreated cells. Hence, we concluded that GDNF treatment inhibits cell proliferation in HTLA230 NB cells. To further substantiate this result, we investigated the effect of GDNF on N-MYC expression by Western blot analysis, since expression of this gene is a marker for proliferating HTLA230 cells. Cells were grown for 4 days in medium alone or medium supplemented with GDNF, and total cell lysates were analysed with an anti-N-MYC antibody ( Figure 1d ). A lysate from cells grown in the presence of NGF was used as an internal negative control, since HTLA230 cells are NGF unresponsive and thus no changes in N-MYC were expected. Western blots were quantiated as described in Material and methods. High levels of N-MYC proteins were present in control cells and in cells grown in the presence of NGF. In contrast, GDNF induced a greater than fourfold reduction in the abundance of the N-MYC protein, consistent with the observed cell cycle arrest. Furthermore, Western blotting with an antibody to proliferating cell nuclear antigen (PCNA), a widely used marker gene of proliferating cells, also demonstrated a greater than twofold reduction in the abundance of PCNA protein in GDNF-treated cells when compared to either control cells or cells grown in the presence of NGF. Thus, we concluded that GDNF induced cell cycle arrest is accompanied by downregulation of proliferation-associated genes. The mechanism by which GDNF exerts its effect on HTLA230 cells was investigated next. Ret expression was analysed by Northern blots in HTLA230 cells grown for 4 days in medium alone, or medium supplemented with NGF or GDNF (Figure 2a ). Several ret mRNA species with approximate molecular weights of 4.0, 4.5 and 9.0 kb were present at low abundance in untreated HTLA230 cells and NGF treatment did not alter ret gene expression. In contrast, the presence of GDNF increased the steady-state level of all ret mRNA species by fourfold (Figure 2b ). To further characterize the mechanism by which GDNF induces ret expression, we exposed HTLA230 cells for 16 h to control medium with or without GDNF (10 ng/ml) in the presence and absence of the RNA synthesis inhibitor actinomycin D (ActD) at 0.5 mg/ml. Subsequent Northern blot analysis demonstrated that ActD treatment did not affect ret mRNA steady-state levels in control cells, while the presence of the inhibitor reduced the GDNF-mediated increase in ret mRNA expression (Figure 2c ), suggesting that GDNF induces ret gene expression by a transcriptional mechanism, rather than by stabilization of the existing ret mRNA pool.
The effect of various GDNF concentrations on RET protein expression was analysed next. HTLA230 cells were grown for 4 days in increasing concentrations of GDNF (0, 1, 5, 10, 25 ng/ml) and total cell lysates were Western blotted with an anti-RET antibody (Figure 3a) , and receptor expression was quantitated as above ( Figure 3b ). The anti-RET antibody detected two low level proteins with molecular weights of 150 and 170 kDa in cells grown in medium alone or medium supplemented with 1 ng/ml of GDNF, whereas 5 ng/ml of GDNF noticeably increased RET expression by sevenfold. Maximal expression of total RET protein was achieved by treatment with 10 ng/ml of GDNF, which resulted in an approximate 10-fold increase of RET protein, when compared to untreated cells. Importantly, every cell line tested from a panel of human NB (GOTO, Lan-1, IMR-32, Lan-6, SK-N-BE(2)) showed an increase in total RET expression when treated for 4 days with 10 ng/ml of GDNF, albeit to various degrees (Figure 3c ), suggesting that this is a general response to GDNF treatment.
The GDNF-mediated increase in RET protein as a function of time was analysed by IP of the receptor with an anti-RET antibody followed by Western blotting with a RET antibody (Figure 3d ). Tyrosine phosphorylation of the immunoprecipitated receptor was analysed by immunoblotting Western blots with an anti-PY antibody. Growth of HTLA230 cells in the continuous presence of GDNF (10 ng/ml) steadily increased the abundance of total RET protein over a period of 3 days, thus mirroring the increase seen by Northern blots. Activation of the receptor with GDNF (10 ng/ml) for 5 min prior to harvest of the cells induced strong tyrosine phosphorylation in control cells, whereas the continuous presence of GDNF resulted in a sustained, albeit steadily declining phosphorylation of RET. To test whether long-term GDNF-treated cells express surface bound RET receptors amenable to activation Figure 2 (a) HTLA230 cells were grown for 4 days in medium alone or medium supplemented with either NGF (50 ng/ml) or GDNF (10 ng/ml). Total RNA was isolated and analysed by Northern blots with probes specific for ret and a-tubulin genes. A low level of ret mRNA was present in cells grown in medium alone or medium supplemented with NGF, whereas GDNF induced a significant increase in the steady-state level of ret mRNA. The blot was rehybridized with a probe for a-tubulin to ascertain equal RNA loading. Data from representative experiments are shown (n ¼ 3). (b) Quantitative analysis of the Northern blots demonstrated that a statistically significant (*Po0.006) fourfold increase in the steadystate level of ret mRNA occurred in the presence of GDNF when compared to control cells. Each column represents the mean fold increase in ret/a-tubulin mRNA (7s.d.) (n ¼ 3). (c) HTLA230 cells were grown for 16 h in control medium alone or medium supplemented with GDNF (10 ng/ml) in the absence or presence of the RNA synthesis inhibitor ActD (0.5 mg/ml). Total RNA was isolated and analysed by Northern blots with probes specific for ret and a-tubulin. Quantitation of blots was done as above. The GDNF-mediated increase (3.5-fold) in steady-state levels of ret mRNA was reduced to 1.8-fold in the presence of ActD when compared to control cells, suggesting that the increase in ret expression occurs by a transcriptional mechanism by GDNF, we continuously incubated cells for 3 days with GDNF followed by a 5 min incubation with GDNF (10 ng/ml) prior to harvest, and the cells were analysed as above. Data obtained demonstrated that the GDNF-mediated increase in total RET protein leads to surface bound RET receptors, since GDNF induced strong tyrosine phosphorylation of the receptor. NTN, another GFL, activates the RET receptor complex in the presence of GFRa2, although crosstalk with other members of the GFRa family has been demonstrated (Creedon et al., 1997) . Hence, we investigated whether continuous treatment with NTN also leads to an increase in total RET protein. Cells were exposed to increasing concentrations of NTN for 4 days and Western blots were analysed with the anti-RET antibody (Figure 3e ). Treatment with 10 ng/ml of NTN induced only a marginal (twofold) increase in total RET protein, whereas incubation with 25 ng/ml of NTN raised the level of RET protein by 12-fold when compared to untreated cells. Thus, activation of RET and its signal pathway increases RET expression, regardless of the GFL used.
Functional activation of RET requires the presence of GFRa coreceptors and hence we investigated whether Total RET protein levels were increased in all cell lines tested, albeit to various degrees, suggesting that this is a common mechanism to regulate RET expression. Data from representative experiments are shown (n ¼ 2). (d) HTLA230 cells were grown for various periods of time in either control medium or medium supplemented with GDNF (10 ng/ml). The RET protein was immunoprecipitated from total cell lysates and Western blots were analysed using an anti-RET antibody. Designated cultures were also stimulated for 5 min with GDNF (10 ng/ml) prior to harvest of cells to investigate RET receptor phosphorylation using an anti-PY antibody. The continuous presence of GDNF in the medium results in a steady increase in total RET receptor that is present as 150 and 170 kDa molecules. Low RET phosphorylation was present in control cells, while GDNF stimulation induced strong tyrosine phosphorylation of the receptor. A sustained, albeit declining, receptor phosphorylation occurred in the continuous presence of GDNF over a 72 h time period, after which RET was still amenable to strong phosphorylation by short-term GDNF treatment. Data from representative experiments are shown (n ¼ 3). (e) HTLA230 cells were grown for 4 days in the absence or presence of increasing concentrations of NTN and total cell lysates (25 mg/ lane) were immunoblotted with an anti-RET antibody. The continuous presence of NTN induced a dose-dependent increase in total RET protein, although higher concentrations were required when compared to that seen with GDNF. Representative blots are shown (n ¼ 2). (f) HTLA230 cells were grown in the absence or presence of GDNF (10 ng/ml) for 4 days and FACS analysis of GFRa-1 surface expression was performed. Control and GDNFtreated cells when stained with the FITC-conjugated secondary antibody alone (peak I) showed a similar fluorescence histogram, whereas staining of untreated cells with both the anti-GFRa-1 antibody and the secondary antibody showed specific surface staining (peak II). GDNF-treated cells showed a shift in the fluorescence histogram, consistent with increased GFRa-1 surface expression (peak III). Thus, both components of the RET receptor complex are regulated by the ligand Neuroblastoma differentiation S Peterson and E Bogenmann the continuous presence of GDNF also affects expression of GFRa-1, the preferred coreceptor for GDNF (Airaksinen and Saarma, 2002) . Cells were treated with or without GDNF (10 ng/ml) for 4 days and FACS analysis was performed with an anti-GFRa-1 antibody (Figure 3f ). Similar background staining was seen in control cells or cells treated with the GFL when stained with a FITC-conjugated secondary antibody only (peak I). Staining of untreated cells with the anti-GFRa-1 antibody and the secondary antibody (peak II) demonstrated specific GFRa-1 surface expression which was twofold increased (mean fluorescence intensity) in GDNF-treated cells (peak III) as indicated by a shift in fluorescence intensity. Taken together, activation of the RET receptor signal pathway increases the expression of both components of the RET receptor complex.
Cooperation of the RET and TRKA signal pathways
We have previously demonstrated that CNTF, a cytokine involved in maturation of neuronal precursor cells (Ip and Yancopoulos, 1996) , renders HTLA230 cells NGF responsive by inducing transcription of the silenced trkA gene (Bogenmann et al., 1998 ). Yet, only a small fraction of CNTF-treated NB cells differentiated in the presence of NGF, suggesting the requirement for additional trophic factors. We hypothesized that GDNF collaborates with CNTF to enhance the NGF response by increasing the expression of TRKA receptors. Thus, HTLA230 cells were treated for various time intervals with CNTF or GDNF or a combination of the two factors and the TRK receptor was immunoprecipitated from equal amounts of total cell protein and analysed by Western blotting (Figure 4 ). The TRK protein was essentially undetectable in untreated HTLA230 cells, while CNTF induced a 14-fold increase in the level of receptor protein, consistent with our previous data (Bogenmann et al., 1998) . In contrast, GDNF treatment increased TRK expression only by 5 fold, whereas treatment with both the trophic factors enhanced the total level of TRK protein by 35-fold. Subsequent experiments demonstrated that the TRK protein upregulated by CNTF and GDNF could be tyrosine phosphorylated by NGF, but not by BDNF or NT3, consistent with the presence of TRKA (data not shown). Thus, CNTF and GDNF synergize to increase TRKA expression and ultimately the NGF-mediated signal.
We next investigated whether addition of NGF to cultures treated with GDNF and CNTF would morphologically differentiate the majority of HTLA230 cells as predicted by our hypothesis. Thus, cells were grown for 6 days in either medium alone (Figure 5a ) or medium supplemented with GDNF (10 ng/ml), CNTF (25 ng/ml) and NGF (50 ng/ml) and cultures were analysed by light microscopy (Figure 5b ). Cells grown in medium alone showed a round and undifferentiated morphology typical of proliferating NB cells, whereas cells treated with the three growth factors underwent dramatic morphological changes. An extensive network of thick bundles with an 'axon-like' morphology formed within 2-4 days of treatment, similar to that seen with trkAtransfected NB cells grown in the presence of NGF (Matsushima and Bogenmann, 1993a) . The axons and small neurites also contained many tiny bifurcations, thereby establishing a fine network of cell-to-cell connections, typical of normal differentiated neurons.
Neuronal differentiation is accompanied by growth cessation, downregulation of cell cycle control genes and expression of neuron-specific genes. To demonstrate that the observed morphorphological differentiation is consistent with neuronal differentiation, we cultured HTLA230 cells in either growth medium alone or medium supplemented with the indicated growth factors, cell numbers were determined from triplicate cultures at the designated time intervals and a Student's t-test analysis was performed for day 7 (Figure 6a ). Cell doubling time for each culture condition was determined between day 5 and day 7 (Figure 6b ). Cells grown in medium alone or medium supplemented with CNTF and NGF showed similar growth kinetics and the cells were grown for 4 days in control medium alone, or medium supplemented with either CNTF (25 ng/ml) or GDNF (10 ng/ml) or a combination of both factors. The TRKA protein was immunoprecipitated from equal amounts of total cell lysates and Western blotted using an anti-TRK antibody. Quantitative analysis was performed as above. TRKA was essentially undetectable in untreated cells, whereas CNTF induced a 14-fold increase in the level of TRKA protein, while the presence of GDNF resulted in an approximate fivefold stimulation of TRKA expression. However, growth of cells in the presence of both CNTF and GDNF increased the level of TRKA by more than 30-fold, suggesting a synergistic effect of CNTF and GDNF on TRKA expression. Data represent the analysis of four independent experiments and a representative Western blot is shown. *Po0.005 comparing untreated cells with CNTF-treated cells. **Po0.02 comparing CNTF-treated cells with CNTF-and GDNF-treated cells
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performed t-test confirmed that these were not statistically different. Indeed, control cells showed an approximate doubling time of 41 h similar to that determined for cells grown in the presence of CNTF and NGF (36 h) (Figure 6b) . However, consistent with the observed cell cycle arrest presented in Figure 1c , cells grown in the presence of GDNF had a significantly reduced final cell density (P ¼ 0.009), concomitant with an increased doubling time of 58 h. The presence of all three growth factors further reduced the final cell density (P ¼ 0.0004) Figure 5 HTLA230 cells were grown for 6 days in either growth medium alone (a) or medium supplemented with GDNF (10 ng/ ml), CNTF (25 ng/ml) and NGF (50 ng/ml) (b) and cultures were analysed microscopically. Cells grown in control medium were generally organized within large cellular aggregates and showed a rather round morphology. In contrast, growth factor-treated cultures were composed of an extensive intertwined network of axons and neurites derived from differentiated NB cells (magnification Â 125) Figure 6 (a) HTLA230 cells were grown in medium alone or medium supplemented with the indicated growth factors and cell numbers were determined from triplicate cultures at the indicated time points. Cells grown in medium alone or medium supplemented with both CNTF (25 ng/ml) and NGF (50 ng/ml) showed a similar rapid growth rate, whereas the growth of cells in the presence of GDNF (10 ng/ml) was significantly (Po0.009) reduced, consistent with the cell cycle data (see Figure 1c) . Treatment with a combination of GDNF, CNTF and NGF reduced cell proliferation even more dramatically (Po0.0004). (b) The population doubling times for cells grown under the above conditions were determined for the time period between days 5 and 7 of the treatment. Untreated cells as well as cells grown in the presence of NGF and CNTF had similar population doubling times of approximately 40 h, whereas the continuous presence of GDNF prolonged the doubling time to 58 (78) h. However, the presence of the three trophic factors increased the doubling time by approximately 2.5-fold, when compared to untreated cells, consistent with the observed growth cessation and proliferation was substantially suppressed between days 5 and 7, thereby increasing the doubling time to approximately 108 h. Thus, morphological neuronal differentiation was concurrent with growth cessation.
HTLA230 cells transfected with a trkA cDNA express several neuronal markers (i.e., SCG10, NF-68, GAP43) when differentiated with NGF and exhibit downregulation of the N-myc gene (Matsushima and Bogenmann, 1993b) . Thus, we investigated whether cells differentiated with GDNF, CNTF and NGF show a similar biological phenotype and we chose scg10, a protein present in the mature neurite, as a suitable marker (Stein et al., 1988) . The expression of scg10, N-myc and b-actin was determined by Northern blots in cells exposed for various time periods to the growth factors (Figure 7a) . The scg10 mRNA is essentially undetectable in control cells, yet its expression is readily detectable within 12 h of growth factor treatment, and a steady increase in its abundance occurs resulting in approximately a 20-fold increase after 4 days when compared to untreated cells. This increase in scg10 expression is concomitant with the establishment of an abundant network of axons and neurites (see Figure 5b) . In contrast, the N-myc gene is abundantly expressed in parental HTLA230 (Matsushima and Bogenmann, 1992b) , but a greater than 50-fold decrease in the steady-state level of N-myc expression occurred as a result of a 6-day treatment, mirroring the observed growth arrest. These data were further substantiated by Western blotting of cell lysates isolated at the same experimental time points with antibodies to RET, p75NTR, N-MYC and PCNA (Figure 7b ). Neuronal differentiation was accompanied by an increase in the abundance of the RET and p75NTR proteins. Quantitation of these expression data demonstrated a greater than 50-fold increase in total RET protein, whereas p75NTR expression was augmented by 20-fold (Figure 7c ). In contrast, expression of N-MYC and PCNA were downregulated by growth factor treatment, and quantitive data demonstrated a greater than 12-fold decrease for total N-MYC protein, whereas total PCNA protein declined approximately fourfold (Figure 7c ). This biological response was not unique to HTLA230 NB cells. Investigation of N-MYC expression in other cell lines with high N-myc gene amplification (i.e., GOTO, IMR32) demonstrated that the abundance of this marker of proliferating NB cells was 8-10-fold reduced following 6 days of treatment with GDNF, CNTF and NGF (Figure 7d) , suggesting that the RET and TRKA signal pathways collaborate in various highly tumorigenic NB cells to modulate the expression of proliferation regulating genes.
Differentiation of normal dorsal root ganglion cells with NGF results in mature nerve cells dependent on trophic factors (Crowley et al., 1994; Smeyne et al., 1994) and we wondered whether differentiated HTLA230 would demonstrate a similar phenotype. Hence, HTLA230 cells were differentiated with GDNF, CNTF and NGF and the medium was replaced with medium from which growth factors were omitted. Morphological analysis demonstrated that the intertwined network of differentiated cells detached within 2 days upon removal of the growth factors from the growth medium, suggesting that maintenance of differentiated NB cells in vitro required the presence of trophic factors. The remaining attached cells were predominantly single cells with a rather flat morphology. A time-dependent analysis of marker gene expression (i.e., RET, TRKA, p75NTR, N-MYC) in attached cells demonstrated a loss of high level RET, p75NTR and TRKA expression, whereas levels of N-MYC protein rapidly increased within 48 h following withdrawal of the three trophic factors (Figure 8, lanes 2-5) . These data together with the morphological analysis suggested that differentiated NB cells are lost from the cultures following withdrawal of trophic support, whereas residual attached cells assumed the phenotype of proliferating NB cells. To investigate which of the growth factor(s) is required for maintenance of differentiated NB cells, we supplemented the medium with individual growth factors or combinations of them and determined that the presence of CNTF and NGF was sufficient to sustain cultures of differentiated NB cells. Indeed, under these conditions, differentiated cells maintained high levels of RET, p75NTR and TRKA expression, while the level of N-MYC protein was low (Figure 8, lane 6) . Interestingly, the level of TRKA protein was three times lower than that in the presence of all three trophic factors, yet it was 30 times higher than in undifferentiated cells. These data are also consistent with our model whereby GDNF increases CNTF-mediated TRKA expression. Thus, high level TRKA expression, mediated in part by GDNF, is required to promote differentiation of immature progenitors, but is no longer necessary for maintenance of the differentiated state.
Discussion
Human NB cells have long been utilized as a model to study tumor cell differentiation, and pharmacological concentrations of retinoic acid and other agents induce differentiation in vitro and in vivo, although the stability of the achieved state of differentiation remains a matter of debate (Thiele et al., 1985; Matsushima and Bogenmann, 1992a) . Here, we demonstrate that the malignant phenotype of aggressive NB cells carrying a highly amplified N-myc gene is reversed by collaborative signals from the endogenous RET and TRKA pathways, thereby overriding the consequences of genetic alterations associated with NB oncogenesis.
The ret gene was originally identified as an oncogene and constitutively active RET has since been associated with many human cancers derived from the neural crest, although the mechanism by which RET activation transforms cells remains elusive. Intriguingly, NB is of neural crest origin, yet no ret mutations seem to be associated with NB oncogenesis (Santoro et al., 1990; Goodfellow, 1994; Hofstra et al., 1996) . In fact, ret expression occurs in most NB tumors independent of their clinical staging; however, GFL-mediated morpho-logical differentiation is substantially attenuated in tumor cells derived from advanced-stage NB (Hishiki et al., 1998) . Activation of RET induces cytoskeletal reorganization mediated by the activities of c-Src and the Rho GTPases (Barone et al., 2001; Encinas et al., 2001; Fukuda et al., 2002) and interestingly, loss of FYN signaling, a member of the Src kinase family, correlates with a more aggressive phenotype of NB (Berwanger et al., 2002) . HTLA230 cells, isolated from a bone marrow metastasis, showed only subtle morphological changes in the presence GDNF or NTN, when compared to control cells. Yet, GFL treatment induced scattering of cells from large cell aggregates, resulting in cultures with evenly dispersed cells, perhaps reminiscent of the effect of GDNF on cell migration (Barnett et al., 2002; Natarajan et al., 2002) . In addition, GDNFtreated cells were arrested in the G 0 /G 1 phase of the cell cycle and substantially downregulated N-MYC expression. These data are entirely consistent with the previously observed GDNF-mediated increase in expression of the CDK inhibitor p27 kip1 , a negative regulator of cell cycle progression (Baldassarre et al., 2002) , perhaps suggesting that activation of the RET pathway induces exit from cell cycle, thereby enabling trophic signals to promote neuronal differentiation. Consistent with this idea, GFLs are members of the TGF-b superfamily and thus may share some growth regulatory functions with TGF-b. Indeed, functional cooperation of GDNF and TGF-b signaling has been demonstrated (Krieglstein et al., 1998) .
Interestingly, exposure of HTLA230 cells to either GDNF or NTN dose dependently increased levels of ret mRNA and RET protein. The increase in ret gene expression was sensitive to ActD treatment, thus required active transcription, rather than stabilization Figure 7 (a) HTLA230 cells were grown for the indicated time intervals in the presence of GDNF, CNTF and NGF and total RNA was isolated to analyse expression of the scg10 and N-myc genes. Expression of the scg10 gene was essentially undetectable in untreated cells, while a steady increase in scg10 mRNA occurred in the presence of growth factors, mirroring the outgrowth of axons and neurites. In contrast, N-myc expression was high in untreated cells, while growth factor treatment induced a continuous decline in steady-state levels of the N-myc mRNA pool, consistent with the observed cessation of cell proliferation. The fold increase of scg10 or decrease of N-myc was determined and standardized based on the level of b-actin mRNA. (b) HTLA230 cells were grown in the presence of the growth factors for the indicated time intervals and total cell lysates were prepared for Western blotting with antibodies specific for RET, p75NTR, N-MYC, PCNA and b-tubulin. Expression of RET and p75NTR receptors was low in untreated cells, but steadily increased in the presence of growth factors. In contrast, expression of N-MYC and PCNA was high in untreated cells but decreased during differentiation. (c) Quantitation of protein expression after 6 days of growth factor treatment. The data is expressed as fold increase or decrease in treated compared to untreated cells. Each column represents the mean fold increase or decrease for the indicated protein/b-tubulin (7s.d.) (n ¼ 3). (d). GOTO and IMR32 NB cells were grown for 6 days in either medium alone or medium supplemented with GDNF (10 ng/ml), CNTF (25 ng/ml) and NGF (50 ng/ml) and total cell lysates were Western blotted with an anti-N-MYC and an anti-b-tubulin antibody. High levels of N-MYC protein were present in untreated cells, yet growth factor treatment significantly reduced N-MYC expression levels in both cell lines. Quantitative analysis was performed as before (n ¼ 2) of the message, consistent with the previous data (Bunone et al., 1995) . Importantly, the GDNF-mediated increase in total RET protein was not unique to HTLA230 cells as five other tested NB cell lines showed a similar biological response, perhaps suggesting that RET activation creates a feed back response that enhances the GFL-mediated signal. However, RET receptor activation by GFLs generally requires GFRa coreceptors and several members of the GFRa family can be expressed in NB tumors (Hishiki et al., 1998) . HTLA230 cells express high levels of GFRa-1 by Western blot analysis (data not shown) and FACS data demonstrated an increase in surface expression of GFRa-1 coreceptor in the presence of GDNF. Thus, expression of both components of the RET receptor complex are upregulated by GDNF. Such a feedback mechanism has been observed in GDNF and NTN-null mutant mice, which showed decreased expression of GFRa-1 and GFRa-2, respectively (Airaksinen and Saarma, 2002) . A ligand-mediated increase in RET expression that strengthens the trophic signal of the ligand is consistent with the observed prolonged RET receptor activation in the continuous presence of GDNF. This sustained RET signal thus may facilitate the arrest in the G 0 /G 1 phase of the cell cycle in asynchronously growing cells until a differentiation signal is received (Bunone et al., 1995) .
Expression of the endogenous trkA gene is lost in highly malignant NB tumors, thus NB progression is characterized by retention of the GFL/RET signal pathway controlling cell cycle progression and loss of the NGF/TRKA pathway that promotes cell differentiation. Activation of a genetically reconstituted NGF/ TRKA pathway restores NGF responsiveness and reverses the malignant phenotype, while CNTF-induced expression of the endogenous trkA gene enables only a fraction of HTLA230 cells to differentiate in the presence of NGF (Bogenmann et al., 1998) , indicating the requirement for additional trophic factors. Our data now demonstrate that CNTF-mediated TRKA expression is synergistically enhanced by the presence of GDNF, a novel mechanism by which to strengthen the NGF differentiation signal. Intriguingly, crosstalk between the RET and TRKA signal pathways exists in developing sympathetic neurons, whereby increased ret expression and RET phosphorylation takes place as a consequence of TRKA activation by NGF (TsuiPierchala et al., 2002) . Taken together, our observations with malignant NB cells suggest that RET receptor activation inhibits cell cycle progression and enhances responsiveness to NGF; thus, NB cell differentiation requires the collaboration of functional RET and TRKA signal pathways. Differentiated HTLA230 cells exhibited multiple biological properties characteristic of mature neurons. First and foremost, cultures of differentiated NB cells essentially ceased to proliferate, consistent with a substantially increased doubling time. Growth cessation was also accompanied by a near complete downregulation of the N-myc gene, which was not unique to HTLA230 cells, since IMR32 and GOTO cells, both of which express high levels of N-MYC, showed a similar biological response to growth factor treatment. Furthermore, HTLA230 cells that were differentiated by the signals of the endogenous TRKA pathway expressed high levels of SCG10, a protein only present in mature neurites. This high level of SCG10 expression in addition to other markers such as NF-68, GAP43 and peripherin was also seen in HTLA230 cells that were differentiated upon activation of a genetically reconstructed NGF/TRKA pathway (Matsushima and Bogenmann, 1993a) . Thus, growth factor-induced NB differentiation recapitulates the differentiation pathway of normal neuronal precursors. Lastly, maintenance of differentiated NB cells in culture was dependent on functional NGF/TRKA signaling, similar to that seen with normal neurons (Smeyne et al., 1994) . Withdrawal of the three growth factors rapidly resulted in loss of the intricate network of neurons, which could be maintained in the presence of CNTF and NGF, while GDNF was no longer required. These data suggest that GDNF is necessary for promoting differentiation of immature progenitor cells by inducing growth arrest and enhancing CNTF-mediated TRKA expression, while differentiated NB cells no longer require high levels TRKA. Indeed, differentiated cells maintained in the presence of CNTF and NGF alone had lower levels of TRKA (Figure 8 , lane 6) than cells grown in the presence of all . Similarly, cells were grown in the presence of the growth factors for 6 days followed by growth for 12 h (lane 3), 24 h (lane 4) or 48 h (lane 5) in medium from which the three trophic factors were omitted. In addition, medium from differentiated cultures was replaced for 48 h with medium containing only CNTF and NGF (lane 6) and total cell lysates prepared from attached cells were Western blotted with antibodies specific for RET, p75NTR, TRKA, N-MYC and b-tubulin. High level RET and p75NTR expression in differentiated cells rapidly declined upon growth factor withdrawal (lanes 3-5), but was maintained in the presence of only CNTF and NGF (lane 6). Similarly, TRKA expression also declined within 48 h upon removal of trophic factors, yet its expression was maintained, albeit at a lower level, in medium supplemented with CNTF and NGF. In contrast, the low level of N-MYC expression in differentiated cells was quickly reversed upon withdrawal, but the presence of CNTF and NGF not only maintained differentiated cells, but also sustained low N-MYC expression. Thus, differentiated cells can be maintained by functional NGF/TRKA signaling three trophic factors, reminiscent of the decrease in TRKA expression that occurs in various cells of the nervous system following maturation (Molliver and Snider, 1997) .
Treatment of advanced-stage NB involves chemotherapy together with radiotherapy and more recently bone marrow transplantation followed by treatment with retinoic acid (Matthay et al., 1999) . Despite these intense treatment modalities, survival of patients with recurrent NB remains dismal. Relapse after complete remission may reflect the ability of tumor cells to hide in sanctuaries (micrometastases) and elimination of these hidden tumor cells represents a major challenge of tumor therapy. An NGF-based treatment modality has previously been attempted with little success (Kumar et al., 1970) ; however, our data now demonstrate that a network of trophic signals is needed to achieve NB differentiation. Indeed, preliminary experiments with HTLA230 cells grown in nude mice demonstrated that NB tumors responded to growth factor treatment, since N-MYC expression was substantially decreased after treatment with GDNF, CNTF and NGF (data not shown), although the effect on micrometastases remains to be determined.
Abbreviations ActD, actinomycin D; CNTF, ciliarly neurotrophic factor; DMEM, Dulbecco's modified eagle's medium ; GDNF, glial cell line-derived neurotrophic factor; GFL, GDNF family ligands; GFRa, GDNF-family receptor-a; GPI, glycosylphosphatidylinositol; IP, immunoprecipitation; NGF, nerve growth factor ; NTN, neurturin ; PY, phosphotyrosine; SA, sympathoadrenal.
